Application of regional geophysical methods for hydrogeological purposes has increased over the last two decades especially in arid and semi-arid areas. A project to map the Kraaipan granite-greenstone terrain in southeast Botswana has recently been undertaken using regional aeromagnetic and gravity data with the aim to map the rocks at depth to understand the geology while the secondary objective was to subsequently assess the mineralization and groundwater potential in the area. An integrated analysis of the aeromagnetic and gravity data and their derived/processed products is hereby investigated for groundwater for drinking and agricultural purposes. The studies include: subsurface characterisation and delineation of structural framework suitable for groundwater exploration and determination of petrophysical relationships used to link the geophysical properties (e.g., density) to hydrological properties (e.g., porosity). The results of interpretation indicate that the rocks are under ~50 m of Kalahari cover and the study area is composed of three aquifers: the extensive hard rock aquifer (granitic and volcanic), the important (fractured) karst aquifer and the minor sedimentary aquifer. The area is dissected by an ENE-to-EW-trending dyke swarm visible on the regional aeromagnetic data and much clearer on high resolution aeromagnetic data. Minor fault and/or dyke elements of NW-SE and NE-SW trend are observed. Spectral analysis reveals three main average ensample interfaces at depths of 0.7 km, 1.99 km and 4.8 km. The linear Euler solutions maps reveal that the majority depths to top of magnetic bodies range from 40 m to 400 m throughout the survey area. The shallowest depths are the most significant one in this case as they probably relate to depth of bedrock and thickness of regolith or thickest sediments. For 2695 existing boreholes analysed, maximum borehole depth is 482 m (mean 108 m), and almost half (1263) /hr) and an average water strike of 64 m. There is very little correlation between interpreted hydrogeological features and the existing borehole locations. The study shows the importance of preliminary geophysical investigations before ground borehole siting and drilling in order to improve borehole success rates and/or reduce costs inherent in groundwater projects.
Introduction
A project to map the Archaean Kraaipan greenstone belt (KGB) under approximately 50 m of Kalahari cover in southeast Botswana has recently been undertaken [1] using regional aeromagnetic and gravity data. The primary objectives were to map the rocks at depth to understand the 3D geology while the secondary objective was to subsequently promote mineral and groundwater exploration in the area. Groundwater represents the largest stock of accessible freshwater and accounts for about one-third of freshwater withdrawals globally ( [2] and references therein). There are increased demands for groundwater resources in the southern Africa region due to population increases and socio-economic development, for drinking, mining activities and associated settlements, small-scale irrigation, rural agro-industries, and agricultural and livestock purposes [3] . Botswana is semi-arid and rainfall is unreliable such that surface water and groundwater recharge are limited. Therefore, to ensure that a secure amount of groundwater is available, systematic development and management planning should be established. Application of geophysical methods for hydrogeological purposes has become imperative especially in such arid and semi-arid areas in order to increase the probability of successful drilling of water wells. The principal reason for the growing interest in using geophysical methods for hydrogeological studies is that geophysics provides spatially distributed models of physical properties in regions that are difficult to sample using conventional hydrological methods [2] . The geophysical models often reveal more detail compared with models derived from hydrogeological data, such as pump tests and observations of hydraulic heads.
Furthermore, geophysical methods are less invasive and comparatively inexpensive ( [4] and references therein). It is also possible to integrate GIS, remote sensing, and geophysical surveys to derive thematic layers of surface parameters such as resistivity, susceptibility, aquifer thickness/extent, and/or fault maps [5] [6] [7] [8] [9] . Further, some researchers have used the geophysical data to determine important hydraulic properties [4] [10] .
In this study, an integrated analysis of aeromagnetic and gravity data and their
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derived/processed products over a regional scale is investigated for groundwater for drinking and agricultural (mainly livestock) purposes in the Kraaipan granite-greenstone terrain in southeast Botswana. In hard rock areas it is not sufficient to consider only the weathered layer; deep saturated fractures in bedrock are also potential targets of groundwater exploration while dykes are known to be barriers to groundwater flow or preferential pathways [7] [9] [11] . In addition, paleochannels and/or paleovalleys hidden in the subsurface also support an inherited preferential groundwater flow and recharge [9] [12] [13] . The basis for the present hydrogeophysical survey is understanding the geological setting of the area, nature of stratigraphy and tectonism so as to have a better understanding of the prevailing hydrogeological conditions; thus delineating a buried framework suitable for groundwater flow and storage [7] [9] [14] . Processing of the gravity and aeromagnetic data sets by 3D Euler deconvolution, shaded relief, derivatives and analytic signal techniques further map/locate the important structures. Thus the studies include: subsurface characterisation, delineation of structural frameworks suitable for groundwater exploration and analysis of existing boreholes. Determination of petrophysical relationships used to link the geophysical properties to hydrological properties is also considered [4] [6] [10] . Eventually, the studies seek to quantify subsurface architecture that influence flow (such as hydrostratigraphy and preferential pathways); and estimate hydrological properties (such as porosity) and state variables (such as saturation) ( [15] [16] and references therein).
Regional Geology and Hydrogeology Ease of Use
The Kraaipan granite-greenstone terrain constitutes the western central part of [19] . The greenstones consist of three narrow NNW-striking belts (Stella, Kraaipan, Madibe; Figure 1 ) dominated by mafic metavolcanic rocks interlayered with ferruginous and siliceous metasedimentary rocks, mainly BIF and ferruginous chert [19] [21] . The surrounding granitoid rocks include tonalitic and trondhjemitic gneisses (TTG), granodiorites and adamellites [17] . The terrain is intruded by the Neoarchaean Gaborone Igneous Complex that includes A-type granitoids, anorthosites, rhyolites and subsidiary mafic rocks, represented by the Mmathethe granite [19] [22] . The generalized lithostratigraphy in the area is summarised in Table 1 . There is a general paucity of geological outcrop in the region due to cover by the Kalahari sediments, and critically, the configuration and structure of rock units at depth was unknown until recently when geophysical interpretation was undertaken [1] . Some minor banded iron formation (BIF) outcrops have been mapped in the Molopo River in the border area in the south with the main N-S trending outcrop constituting the ~20 km long Mosi ridge to the north [23] . Kalahari sediments cover the region and ranges from 0 to 100 m thick as indicated by borehole data and geophysical modelling [1] . The major fractures and lineaments have an ENE and WNW orientation, with secondary features trending N-S and S-W. The latter, which are often of tensional origin, may play an important part in groundwater circulation [24] . Structural features associated with faulting are important targets for groundwater exploration, as it occurs along vertical and horizontal (bedding planes) structures in these rocks [25] .
The Botswana National Master Plan Study [29] With regards groundwater potential in the study area (Figure 2 Clustering of boreholes appears to follow groundwater potential zones ( Figure 2 ) and/or existing aquifers/wellfields (e.g., Ramotswa aquifer/wellfield).
Borehole clusters also partly follow settlements along main roads and/or railway line, close to communities.
There were a few data base problems noted, mainly data not consistently reli- 
Geophysical Data and Hydrogeological Problems/Investigations
Gravity and aeromagnetic data are routinely used for geological exploration to get information about subsurface geology under vegetation and regolith cover [35] [36]. [29] . A karst aquifer may be present even when there are no discernable karst landforms at the surface and gravity data are suitable for identifying/mapping them and the characteristic channels/cavities/voids. On the other hand, the thickness of sediments or the depth to basement is important for sedimentary aquifers, with both gravity and magnetic data yielding this information. In general, different hydrogeological problems to be solved that could benefit from geophysics include (e.g., Table 2 2) Disruptions and/or deflections of magnetic zones/features/trends  displacement (wrench faults/shears) with lateral movements [7] [9] [40] .
3) Linear magnetic lows (magnetite destruction due to pedogenesis and oxidation maghemite, hematite or limonite which are weak in spontaneous magne-
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tization at an ambient temperature [9] [41]).
4) Narrow, linear magnetic highs  either dykes or magnetite enrichment from metamorphism.
5) Weathering  areas of less quartz-rich rocks/facies [7] [9].
The alluvial-illuvial pedogenic process also causes a substantial loss of magnetic minerals for the top soil and the sediments. Thus, the parent crystalline basement remains magnetically stronger than the top soil or sediments in general, and provides an ideal situation for the magnetic method to map basement buried below the soil/sediment cover [9] [41] [42] .
A pseudo-lithology can also be derived from aeromagnetic data by characterizing magnetic facies of a rock using its percent magnetite and its spatial distribution [7] [9]  apparent susceptibility map [7] .
The hydrogeological applications of the potential field data within the study area are summarized in Table 2 .
Geophysical Data Processing Techniques
A number of commonly applied potential field transformations and image processing techniques were applied to both data sets to enhance both shallow, short wavelength features for lithological contact and structural mapping as well as medium wavelengths for the purpose of regional crustal structure. These in- The original aeromagnetic data were subjected to a Reduction to the Pole (RTP)
and International Geomagnetic Reference (IGRF) correction. The RTP transformation usually involves an assumption that, the total magnetizations of most rocks align parallel or anti-parallel to the earth's main field (declination = 12.58˚, inclination = 62.72˚ and IGRF total intensity value = 29,000 nT for the study area).
This results in anomalies lying directly over the causative bodies [37] leading to easier and improved interpretation. The IGRF correction removes the earth's main geomagnetic field for the particular year of survey, resulting in magnetic responses mainly due to geological features.
The initial improvement of structural elements from the aeromagnetic data was achieved by shaded relief and colour-shadow maps that rely on artificial illumination of the data mimicking topography [43] [45] . The combination of the images allows accentuation of linear features perpendicular to the light source while information on the anomaly magnitude or intensity is retained in the colour component [42] [44]. They also effectively display both short wavelength and medium wavelength anomalies as well as curvilinear and elliptical features (e.g., plutons and/or mafic sills) [44] .
Derivatives of the potential field data are probably the most important func- The following list summarizes the important geophysical processes applied, geological structures mapped, and corresponding hydrogeological significance.
Pseudoshading and derivatives  structural mapping (faults, dykes, BIFs)  either groundwater conduits/pathways or barriers.
Susceptibility; Euler deconvolution; spectral analysis  saprolite/regolith mapping (weathered zone thickness; depth to bedrock)  approximate thickness of potential aquifer.
Euler deconvolution; spectral analysis  sediment thickness, depth to bedrock  maximum thickness of potential aquifer.
Geophysical Data

Aeromagnetic Data and Geostructural Correlation
Botswana and South Africa are both completely covered by regional aeromag- To correlate magnetic anomalies with rock units, it is noteworthy that sedimentary rocks are generally non-magnetic, whereas igneous rocks rich in iron and magnesium (mafic to ultramafic) tend to be very magnetic [9] [36] [41] . Granite intrusions and hornfels contact aureoles can also be magnetic [52] . In this paper all aeromagnetic results are displayed as digital image maps; they are reduction to the pole map, colour-shaded total intensity map and vertical derivative map. Many more images were generated during this study, but are not presented for clarity (i.e., to reduce redundancy). The general interpretation is also aided by higher resolution on-screen images.
The map in Figure 4 
Gravity Data and Geological Correlation
The gravity data used in this study are described in detail by [1] and the station distribution and simple Bouguer gravity anomaly grid are shown in Figure 6 . A total of one hundred and forty (140) new gravity data points were collected, merged with other existing gravity data, and then used to construct the gravity map of the study area, which is generally dominated by a broad high. More data are currently being acquired to improve the regional station coverage/density.
The gravity maps (e.g., Figure 6 
Geophysical Results and Interpretation
As basement heterogeneities should affect both gravity and magnetic fields, we are preferentially looking for collocated contrasts in both of these fields. However, it should be noted that regional gravity data are commonly used to delineate the position of boundaries at deeper levels than aeromagnetic data [1] [27] . The following results summarise the most significant gravity and magnetic anomalies of which at least some should represent basement faults or other significant structures within the Kraaipan granite-greenstone terrain which are of importance to groundwater exploration.
2 3 /4D Gravity Modelling and Sediment Thickness
The configurations of the main geological units in the study area were determined along one selected regional profile (see Figure 6 and . Vertical Exaggeration (V.E) = 11.0.
Depth to Susceptibility Discontinuities
The application of depth determination techniques, to determine the subsurface layer thicknesses and estimate depth to top of the causative geological bodies, is one of the most important parameters that must be outlined in order to interpret adequately the geology and structure of the area. Here, two techniques are used to calculate the depths of the causative bodies utilizing the magnetic data: spectral frequency analysis and 3D Euler deconvolution method. The first two shallowest depths are the most significant as they map thickness of sediments and/or the weathered zone (depth to magnetic basement) important for groundwater accumulation/storage.
Source Depth Estimates from Magnetic Spectra
Depths from Euler Deconvolution of Magnetic Data Structural Mapping and Depth Estimates
The Euler deconvolution technique was carried out on the magnetic data using 
Discussion
Over any area of past or present active tectonics, surface structural alignments are often visible as expressions on topographic, geologic and geophysical maps. These lineaments become less distinct with age but are still important as indicators of past stresses, displacements, and disturbance patterns significant for groundwater transport (recharge) and storage/accumulation. Because the buried sediment-basement contact is not affected by erosion, these structural patterns remain imprinted in it and could be revealed from potential fields. Alignment of anomalies in geo- Second, and more importantly, the applied processes/techniques have yielded subsurface layer thicknesses as well as location and depths of the several structures.
In this discussion, special emphases are placed on the relationship of the interpreted gravity and airborne magnetic data to geology and structure of the Kraaipan greenstone terrain and their application to groundwater exploration.
Borehole Depth in Relation to Gravity and Magnetic Basement
The borehole depths were gridded using a minimum curvature technique resulting in a grid reflecting water strike depth ranges for the study area ( Figure   10 ), interpreted to be depth to water table. The western part/third of the area 
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Borehole Yield in Relation to Aquifer Types and/or Compartments/Units
The various observed and/or interpreted gravity and magnetic zones and structures correspond to different aquifer types or units (e.g., Figure 2 ) as alluded to above. There are high magnetic field intensities observed at both western and central zones of the study area, so the linear magnetic bodies in these zones suggest that these features are caused by intrusive rocks which correspond well with several of the known granitoid rocks comprising tonalitic and trondhjenilitic gneisses, granodiorites and adamelites with BIF horizons. Narrow and higher amplitude magnetic anomalies in western and the central parts coincided with gravity highs, particularly at Phitshane-Molopo and Mabule, suggest the existence of mafic volcanic rocks. Field investigation reveals that the rocks in these areas are made up mainly of banded iron formations (BIF), magnetite quartzites and metavolcanic rocks [19] . The borehole yields ( Figure 3) were also gridded using a minimum curvature technique resulting in a relatively smooth grid ( Figure   11 ) for correlation with the gravity and magnetic zones and structures. The extreme northern area of partly exposed granitic-gneiss terrain (hard rock aquifer) corresponds to high yields. The central area depicts two conspicuous NS-trending linear belts of high yields over the main BIF while the southeast area is characterised by moderate to high yields. The west-central part mainly covered by the Kalahari sands (sedimentary aquifer) surprisingly shows the lowest yields ( Figure 11 ). This is attributed to the relatively thin (≤60 m) sedimentary cover as derived from the modelling (Figure 7) . However, the extreme western study area corresponding to metalvolcanic and ultramafic rocks (Molopo farms complex) also suggests a NS-trending zone of high yields. The known karst aquifer (Ramotswa aquifer) around the Otse-Lobatse area is also reflected as a high yield zone (as expected). Overall, the map can be used to prioritise further exploration zones.
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Borehole Yields in Relation to Structural Features
In this study, extraction of the geological structures and smaller-scale lineaments and analytic signal were the most important. Thus the initial pattern of the lineaments was drawn mainly based on the vertical gradient contrasts, followed by and their refinement using other attribute maps extracted from the magnetic and gravity fields. By combining the observations from various attribute maps and reducing the effects of noise and processing artefacts, an interpretation map of the high resolution aeromagnetic data depicting major lineaments was obtained ( Figure 13 ).
The study area is basically dominated with lineament features which can be confidently recognized from the magnetic data ( Figure 4, Figure 5 , Figure 9 and Figure 12 ). The magnetic anomalies display several trends defined by alignment of intensities, gradients and shapes of anomalies, and are best illustrated in Figure 9 and Figure 12 . The most prominent magnetic lineaments crossing the entire Madibe-Kraaipan terrain are at Eastern part of the survey area. These structures change their trends from NW-SE in the northeast to NE-SW and ~EW in the south of the study area ( Figure 12 ). The latter (~EW) regional structures discernable across the entire study area appear to be older than the others based on cross-cutting relations, and overprinting of the basement blocks of different tectonic origins and potential-field signatures (Figure 4) . The aeromagnetic maps show the long continuity of lineaments of the moderate to high amplitude anomalies with the roughly north-south direction in the central zone corresponding to the greenstone (BIF) structure in geologic maps [17] [19] [20] . The north-south structure is cross-cut by the east-trending lineaments. This result is in good agreement with the regional structure reported earlier by previous authors, which showed the correlation of the regional structure with the geochemical and petrological data [17] [19] [20] .
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We considered whether such structures could be potentially related to faulting associated with basement rocks and thus open for groundwater recharge or in-filled dykes acting as groundwater barriers. The classified existing borehole yields ( Figure   3 ) were thus overprinted on the magnetic vertical derivative map ( Figure 12) and the dominant lineaments interpreted from the HRAM data ( Figure 13 ). On a regional scale, most of the high yield boreholes (>10 m there is very little correlation between borehole positions and geophysical structures. However there is some correlation between medium to high yield boreholes and some of the major structures.
Data Synthesis
A synthesis of the various maps is presented in Table 3 based on the composite presentation in Figure 14 below, and both help define the best groundwater potential zones (A, B, C in order of priority).
Conclusions and Recommendations
Kraaipan granite-greenstone geophysical and hydrogeological data from South-East Botswana have been processed and interpreted. The results of the magnetic and gravity methods used revealed that the lithologies and tectonic framework of the Archaean basement rocks extend into Southeast Botswana from South Africa. In particular, the derivative, analytic signal and Euler deconvolution maps reveal the complex geological structure of the terrain and basement rocks suitable for groundwater potential assessment. Figure 14 . 3D composite map display of the magnetic first vertical derivative, borehole yield, water strike depth and total depth (highest values in red/purple down to lowest values in deep blue) for direct correlation of these variables (Table 3) . Journal of Water Resource and Protection Figure 12 and Figure 14 , Table 3 ). However, the ~E-W magnetic lineament structures appear to cut across the entire study area. In conclusion, the study shows the importance of preliminary geophysical investigations before ground borehole siting and drilling in order to improve borehole success rates and/or reduce costs. The described exploration scheme takes into account the fact that the end-users usually require that geophysical survey cost must be only a small portion of the total hydro well construction budget.
This study revealed that had the geophysical data analysis been available at the time of siting and drilling it would have guided the drilling programme and substantially reduced the number of dry boreholes and hence saved financial resources.
Further studies are planned to include determination of aquifer hydraulic prop- which are beyond the scope of this paper but within the overall project/research goals. This will assist the sustainable management of the aquifers in this era of climate change [2] .
